Abstract-As humans age, the tonic level of activity in sympathetic vasoconstrictor nerves increases and may contribute to age-related increases in blood pressure. In previous studies in normotensive young men with varying levels of resting sympathetic nerve activity, we observed a balance among factors contributing to blood pressure regulation, such that higher sympathetic activity was associated with lower cardiac output and lesser vascular responsiveness to ␣-adrenergic agonists, which limited the impact of high sympathetic activity on blood pressure. In the present study, we tested the hypothesis that older normotensive men would exhibit a similar balance among these variables (sympathetic nerve activity, cardiac output, and ␣-adrenergic responsiveness) but that this balance would be shifted toward higher sympathetic nerve activity values. We measured muscle sympathetic nerve activity, cardiac output, arterial pressure, and forearm vasoconstrictor responses in 17 older men and compared these with previous data collected in 14 younger men. Muscle sympathetic activity (burst incidence) was positively related to diastolic blood pressure in the older men (rϭ0.49; Pϭ0.05); this relationship was not observed in young men. In addition, there was no relationship between cardiac output and muscle sympathetic activity (rϭ0.29; PϾ0.05) or between muscle sympathetic activity and vasoconstrictor responses in the older men (eg, norepinephrine: rϭϪ0.21; PϾ0.05). Although our older subjects were normotensive, the relationship between muscle sympathetic nerve activity and diastolic blood pressure and the lack of "balance" among the other variables suggest that these changes with aging may contribute to the risk of sympathetically mediated hypertension in older humans. Key Words: age Ⅲ cardiac output Ⅲ sympathetic vasoconstriction Ⅲ total peripheral resistance Ⅲ hypertension T he risk for hypertension increases as humans age in most ethnic backgrounds 1,2 ; however, the mechanisms for this increased risk remain incompletely understood despite decades of investigation. In animal models, both central and peripheral sympathetic neural mechanisms have key roles in several models of hypertension. 3 Studies in humans also suggest that changes in sympathetic neural control of the circulation contribute importantly to age-related hypertension. 4 -7 It is evident that the activity of sympathetic vasoconstrictor nerves increases with age in humans, 4,8 and in older subjects there is a positive relationship between sympathetic nerve activity and blood pressure. 6 We have recently become interested in interindividual differences in muscle sympathetic nerve activity (MSNA) and the regulation of arterial pressure in humans. 9, 10 In young, normotensive men at rest, MSNA is reproducible in a given person but exhibits a wide variability across a population. MSNA can vary as much as 7-to 10-fold. 11 However, among young men there is no relationship between resting levels of MSNA and blood pressure, 6,9,10,12 although at rest there is tight coupling between changes in MSNA and arterial pressure via the baroreflex. 4 Thus, a healthy young person with a high level of MSNA can have a blood pressure that is similar to a person with very low MSNA. In recent studies we investigated this paradox and demonstrated that, despite a positive relationship between MSNA and total peripheral resistance (TPR) in young men, normal blood pressure is maintained by an inverse balance between MSNA and cardiac output. 9 In addition, high levels of MSNA are counterbalanced by decreased ␣-adrenergic receptor sensitivity; therefore, there is no effect of high MSNA on arterial pressure in young men. 13 In older subjects, however, there is a positive relationship between MSNA and blood pressure, and, therefore, we questioned whether these balances would be observed in older men. Our hypothesis was that older men would exhibit a similar balance among MSNA, cardiac output, and ␣-adrenergic responsiveness but that this balance would be shifted toward higher MSNA values.
T he risk for hypertension increases as humans age in most ethnic backgrounds 1, 2 ; however, the mechanisms for this increased risk remain incompletely understood despite decades of investigation. In animal models, both central and peripheral sympathetic neural mechanisms have key roles in several models of hypertension. 3 Studies in humans also suggest that changes in sympathetic neural control of the circulation contribute importantly to age-related hypertension. 4 -7 It is evident that the activity of sympathetic vasoconstrictor nerves increases with age in humans, 4, 8 and in older subjects there is a positive relationship between sympathetic nerve activity and blood pressure. 6 We have recently become interested in interindividual differences in muscle sympathetic nerve activity (MSNA) and the regulation of arterial pressure in humans. 9, 10 In young, normotensive men at rest, MSNA is reproducible in a given person but exhibits a wide variability across a population. MSNA can vary as much as 7-to 10-fold. 11 However, among young men there is no relationship between resting levels of MSNA and blood pressure, 6, 9, 10, 12 although at rest there is tight coupling between changes in MSNA and arterial pressure via the baroreflex. 4 Thus, a healthy young person with a high level of MSNA can have a blood pressure that is similar to a person with very low MSNA. In recent studies we investigated this paradox and demonstrated that, despite a positive relationship between MSNA and total peripheral resistance (TPR) in young men, normal blood pressure is maintained by an inverse balance between MSNA and cardiac output. 9 In addition, high levels of MSNA are counterbalanced by decreased ␣-adrenergic receptor sensitivity; therefore, there is no effect of high MSNA on arterial pressure in young men. 13 In older subjects, however, there is a positive relationship between MSNA and blood pressure, and, therefore, we questioned whether these balances would be observed in older men. Our hypothesis was that older men would exhibit a similar balance among MSNA, cardiac output, and ␣-adrenergic responsiveness but that this balance would be shifted toward higher MSNA values.
Methods

Subjects
The protocol for this study was approved by the institutional review board of the Mayo Foundation. Seventeen healthy older men volunteered to participate and gave written informed consent (Table 1 for demographics). The subjects were nonsmokers with no history of cardiovascular or other chronic diseases. All of the older subjects participated in a full cardiovascular screen, including a treadmill test with 12-lead ECG to rule out occult cardiovascular disease. In addition, data from our previous study in 14 young men 13 were used for comparison with our present group of older subjects. All of the subjects were moderately active as assessed by a physical activity questionnaire, but no subject was highly trained or participated in Ͼ1.5 hours of moderate-intensity exercise per week. Furthermore, participants were excluded if their body mass index was Ն28 kg/m 2 . Subjects were asked not to consume anything within 2 hours before the experiment and not to consume caffeine or alcohol for 24 hours before the experiment.
Measurements
All of the studies were performed in a Clinical Research Unit laboratory at the Mayo Clinic maintained at Ϸ22°C. On arrival to the laboratory, subjects rested in the supine position during instrumentation. After local anesthesia with 2% lidocaine, a 5-cm, 20-gauge arterial catheter was placed in the brachial artery, using an aseptic technique. This catheter was connected to a pressure transducer placed at heart level and used for measurement of arterial pressure and for simultaneous local infusions of vasoactive substances. A 3-lead ECG was used for continuous monitoring of the heart rate.
Cardiac output was measured using an open-circuit acetylene uptake technique, as described previously. 14 The cardiac output was estimated immediately after each maneuver using the calculation method described by Gan et al 15 and Stout et al. 16 This technique has been validated against direct Fick measurements of cardiac outputs over a range of values and has a variability of Ϸ7% at rest. 14 The instrumentation period included a practice cardiac output measurement to familiarize the subject with the procedure.
MSNA was recorded with a tungsten microelectrode in the peroneal nerve, posterior to the fibular head, as described by Sundlof and Wallin. 11 The recorded signal was amplified 80 000-fold, bandpass filtered (700 to 2000 Hz), rectified, and integrated (resistancecapacitance integrator circuit; time constant: 0.1 seconds) by a nerve-traffic analyzer.
Forearm blood flow (FBF) was measured using mercury-insilastic strain gauge plethysmography. 17 Briefly, a pediatric blood pressure cuff was placed around the wrist and inflated to suprasystolic levels (220 mm Hg) to arrest the circulation of the hand, and a venous occlusion cuff was placed on the upper arm and rapidly inflated to 50 mm Hg every 7.5 seconds, yielding 1 blood flow every 15.0 seconds. FBF was expressed as milliliters per 100 mL of tissue per minute.
Brachial Artery Drug Administration
Study drugs were adjusted for forearm volume and administered via the brachial artery catheter at total rates of 2 to 4 mL/min Ϫ1 . Norepinephrine (norepinephrine bitartrate, Bedford Laboratories) was administered at 2, 4, and 8 ng (100 mL) Ϫ1 /min Ϫ1 and tyramine (tyramine hydrochloride Ͼ98%, Sigma-Aldrich) at 3, 6, and 12 g (100 mL) Ϫ1 /min Ϫ1 . Before norepinephrine administration, propranolol was administered at 10 g/100 mL Ϫ1 of forearm volume per minute for 5 minutes to inhibit ␤-receptor-stimulating effects of norepinephrine. 18 This dose has been documented to block forearm vasodilatation to isoproterenol. 19 A "maintenance" dose of propranolol (5 g/min Ϫ1 ) was then infused throughout the norepinephrine and tyramine trials. These doses and infusion rates were identical to those published in our previous study in young men. 13 
Protocol
The time line for the experimental protocol is shown in Figure 1 . After the placement of arterial catheters, ECG leads, and instrumentation for plethysmography, subjects rested supine during instrumentation for microneurography. Once a good electrode site for measurement of MSNA was found, 7 minutes of baseline data (cardiac output, arterial pressures, and MSNA) were recorded with the subject resting quietly. After this baseline period, forearm dose-response trials were performed for norepinephrine and tyramine, respectively, at the doses noted above. Each dose-response trial included 2 to 4 minutes of resting FBF measurement, followed by 2-minute infusions of each dose. We waited Ϸ15 minutes between trials to allow the FBF to return to baseline.
Data Analysis
Data were sampled at 240 Hz and stored on a personal computer for offline analysis. MSNA, heart rate, mean arterial pressure, systolic blood pressure (SBP), and diastolic blood pressure (DBP) were assessed as 4-minute averages at the end of the initial baseline period. Heart rate variability was evaluated as the SD of resting heart rate in each group of subjects. Sympathetic bursts in the integrated neurogram were identified by a custom-manufactured semiautomated analysis program 9, 20 ; burst identification was controlled visually by a single investigator. The program then compensated for baroreflex latency and associated each sympathetic burst with the appropriate cardiac cycle.
FBF was determined from the slope of the plethysmographic recording during venous occlusion. 17 FBF data are presented as an average of 4 measurements during the last minute of each dose of drug infusion, when steady-state vasoconstriction was observed. Vasoconstrictor responses were analyzed both as absolute ⌬s and as the percentages of change in FBF from baseline.
Statistics
We evaluated the relationships of MSNA with vascular and hemodynamic variables in each group using a Pearson product moment correlation coefficient. On the basis of our previous data in younger men, we calculated that we had 83% power to detect a correlation of 0.65. We evaluated differences between groups in neural and cardiovascular variables using a Student t test. Differences in blood flow responses to increasing doses of norepinephrine and tyramine between the older and younger men were measured using a 2-way ANOVA. We accepted statistical significance for PϽ0.05. Table 2 shows average values for resting arterial pressures, heart rate, heart rate variability, cardiac output, and TPR in young and older men. Although resting heart rate was not different between groups, heart rate variability was lower in the older men compared with the younger men (PϽ0.05). There was a large variability in cardiac output, particularly among the older subjects. Two of the older subjects exhibited a very large cardiac output and stroke volume (see circled data points in Figure 3 ); when these were removed from the analysis, average cardiac output in the older men was 5.8Ϯ0.3 L/min Ϫ1 . MSNA was greater in the older men compared with the younger men, both when expressed as burst frequency and as burst incidence. Furthermore, venous plasma norepinephrine was greater in the older men compared with the younger men.
Results
Group-Averaged Data for Cardiovascular and Neural Variables in Men and Women
Interindividual Relationships Between Neural and Hemodynamic Variables in Young and Older Men
Relationships between MSNA and cardiovascular variables are demonstrated in Figure 2 through 5, with MSNA expressed as burst incidence (bursts per 100 heartbeats). The relationships between MSNA expressed as bursts frequency (bursts per minute) and hemodynamic variables showed similar trends and are reported in the text.
In young men, there was no relationship between MSNA and DBP when MSNA was expressed as burst incidence ( Figure 2 ) and burst frequency (rϭϪ0.17), whereas in older men there was a positive correlation, which showed a strong trend for significance (burst incidence: Pϭ0.05; Figure 2 ; burst frequency: rϭ0.47). As reported previously, there was a positive relationship between MSNA and TPR in the younger men (burst incidence: rϭ0.51; burst frequency: rϭ0.51; PϽ0.05). However, there was no relationship between MSNA and TPR in the older men (burst incidence: rϭϪ0.06; burst frequency: rϭϪ0.10; PϾ0.05). Figure 3 shows the relationship between MSNA and cardiac output in the young and older groups. As reported previously, MSNA was inversely correlated with cardiac output in the younger men (burst frequency: rϭϪ0.64; PϽ0.05). Conversely, MSNA was unrelated to cardiac output in the older men (burst frequency: rϭ0.13; PϾ0.05). Because of the large variability seen in the cardiac output values in the older men, we also performed the analysis after removing the 2 subjects with the highest values (circled data in Figure 3 ) and found no significant relationship between cardiac output and MSNA (burst incidence: rϭ0. 29 
FBF Responses to ␣-Adrenergic Agonists
Because of problems with recording equipment, we excluded 1 older man from the FBF analyses. On average, resting FBF before norepinephrine and tyramine infusions was slightly higher in the older men (nϭ16) compared with the younger men (nϭ14), although the difference between groups was not significant (norepinephrine baseline, Table 2 , Pϭ0.3; tyramine baseline, 2.7Ϯ0.5 versus 2.4Ϯ0.1 mL (100 mL) Ϫ1 / min Ϫ1 , Pϭ0.2). Therefore, we chose to express changes in FBF to drug infusions as a percentage change from baseline. Norepinephrine and tyramine caused dose-dependent reductions in FBF in all of the participants. Average percentage changes in FBF to norepinephrine were smaller in the older compared with the younger men (norepinephrine 2: To address the potential for differences in norepinephrine release with tyramine among subjects, we measured the arterio-venous (a-v) difference in plasma norepinephrine during tyramine infusion in both groups. The a-v difference is reported as the absolute value of the difference, because our goal was to use this as an index of the amount of norepinephrine that the blood vessels were exposed to (ie, a positive value). Because of the vasoconstriction caused by tyramine infusion, we could not obtain venous blood from all of the participants; therefore, we were able to compare a-v differences of 12 older men with those of 10 younger men. Tyramine induced significant increases in the a-v difference of norepinephrine in both groups; however, the a-v difference was not different between the older men and younger men at all of the doses (tyramine 3: 92Ϯ21 pg/mL Ϫ1 [older] versus 50Ϯ12 pg/mL Ϫ1 [younger]; tyramine 6: 256Ϯ39 pg/mL Ϫ1 versus 243Ϯ38 pg/mL Ϫ1 ; tyramine 12: 550Ϯ110 pg/mL Ϫ1 versus 668Ϯ97 pg/mL Ϫ1 ). Figure 4 shows changes in FBF plotted against the a-v difference of norepinephrine during tyramine infusion. Changes in FBF in response to tyramine infusion were not different between the 2 groups of men when expressed as absolute changes (P ANOVA Ͼ0.5). However, when changes were expressed as a percentage of the baseline flow, the older men had a significantly smaller change in FBF at all of the levels of tyramine infusion (P ANOVA Ͻ0.05).
MSNA and FBF Responses to ␣-Adrenergic Stimulation
In young men, as reported previously, the change in FBF to norepinephrine was positively related to MSNA. This is shown for burst incidence for the middle dose of norepinephrine (4 ng [100 mL Ϫ1 ]/min Ϫ1 ) in Figure 5 (for burst frequency; rϭ0.63; PϽ0.05), such that individuals with high MSNA showed less vasoconstriction to a given dose of norepinephrine and vice versa. This relationship was not observed in the older men in the present study (burst incidence; Figure 5 ; burst frequency: rϭϪ0. 19 
; PϾ0.05).
Similarly, in young men, the change in FBF to tyramine was positively related to MSNA. For example, for the middle dose of tyramine (6 g [100 mL Ϫ1 ]/min Ϫ1 ), individuals with a high MNSA exhibited a lower vasoconstriction, and those with lower MSNA has a higher vasoconstrictor response (burst incidence: rϭ0.56; burst frequency: rϭ0.62; PϽ0.05). In older men, there was no relationship between MSNA and the decrease in FBF during tyramine (burst incidence: rϭϪ0.19; burst frequency: rϭϪ0.04).
Discussion
The major new findings of the present study are 2-fold. First, the relationships among MSNA, TPR, and cardiac output observed in young men are absent in older men. Second, the inverse relationship between MSNA and changes in FBF to ␣-adrenergic receptor agonists seen in young men was not seen in older men. 
MSNA, TPR, and Blood Pressure
In previous studies, we have found that, in young normotensive men, higher levels of MSNA appear to be offset by lower cardiac output and decreased vascular ␣-adrenergic responsiveness 9,13 so that there is no net effect of the level of MSNA on resting blood pressure (ie, in young men there is no relationship between MSNA and DBP). Conversely, in normotensive older men, we found a positive correlation between DBP and MSNA (Figure 2 ), which is consistent with the findings of Narkiewicz et al. 6 However, despite a similar mean arterial pressure between young and older men and a relationship between DBP and MSNA in the older subjects, we found no relationship of TPR to MSNA in the older men. This suggests that MSNA contributes less to the overall level of resistance in the peripheral vessels in older men compared with younger men. There are several possible explanations for the lack of relationship between TPR and MSNA in our older subjects. First, other circulating vasoconstrictors, eg, endothelin 1, 21 may have larger contributions to TPR in older subjects. This would agree with the findings of Jones et al, 5 who reported that, although older men have a greater autonomic support of blood pressure, increased sympathetic nerve activity was not a key contributor to TPR. Although ␣-adrenergic receptor responsiveness was decreased in our older men, the existence of a normal TPR in the face of increased MSNA makes it less intuitive to speculate that endogenous vasoconstrictors are increased in this group. In this context, there is a potential interaction between NO bioavailability and vasoconstrictor tone, and in older subjects this interaction may become more variable and influence the net impact of MSNA and changes in ␣-adrenergic responsiveness on TPR. 22 For example, even modest levels of physical activity may enhance NO bioavailability in older subjects, 23 and, conversely, higher levels of MSNA could increase oxidative stress in blood vessel walls and limit NO bioavailability. 24 These changes with aging, including less ability of the baroreflex to buffer changes in arterial pressure, 7 suggest that determinants of TPR become more complex in older men. In addition, if different mechanisms are affected in different subjects, systematic relationships to single factors may become difficult to detect. It should be noted that, in young women, there is also no relationship between MSNA and TPR, likely as a result of enhanced NO bioavailability and perhaps enhanced ␤ 2 -mediated vasodilation 10,25 associated with higher levels of MSNA.
MSNA and Cardiac Output
In young men, high levels of MSNA and TPR are balanced by a lower cardiac output and vice versa for low levels of MSNA. 9, 10 We originally hypothesized that baroreflexes might have a role in the cardiac output-MSNA balance that we observed in young men. 9 This could be via 1 of 2 mechanisms: first, it is possible that cardiopulmonary receptors cause reflex inhibition of MSNA with higher cardiac output (ie, higher cardiac volume). It is unlikely that heart rate regulation, per se, contributes to this relationship, because neither resting heart rate nor heart rate variability showed consistent relationships with MSNA in either younger or older men in this study. Second, blood flow through baroreceptive regions may have a pressure-independent effect on baroreflex-afferent input into the central nervous system. 26 Higher flow (via higher cardiac output) would, therefore, cause greater afferent input and greater efferent sympathoinhibition. Because aging is known to blunt arterial cardiacbaroreflex sensitivity (but not sympathetic-baroreflex sensitivity), 27 a potential mechanism for the uncoupling between cardiac output and MSNA in our older subjects may be attributable to a decrease in responsiveness of the cardiac baroreflex. 27, 28 In addition, it is unknown whether aging influences any potential blood flow-sensitive elements of baroreflex function. Along these lines, it is possible that baroreceptor control of heart rate and blood pressure becomes less coupled with aging in a way that disrupts the inverse relationships among MSNA, TPR, and cardiac output observed in young men.
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MSNA and ␣-Adrenergic Receptor Responsiveness
The ultimate effect of sympathetic nerve activity depends on the strength of the activity and the vascular response to that activity. On average, MSNA is increased in older compared with younger men (although it can be seen in Figure 4 that there is some overlap between groups). However, the vascular response to ␣-adrenergic agonists is decreased in older compared with younger men in the forearm 29 and leg. 30 The identification of cause and effect for the increased sympathetic nerve activity and decreased ␣-adrenergic responsiveness in older men is complex. One logical possibility is that increases in sympathetic nerve activity lead to decreased ␣-adrenergic sensitivity via agonist-mediated receptor downregulation. Alternatively, the increased sympathetic nerve activity in older individuals could be a response to the decrease in vascular adrenergic sensitivity (ie, more sympathetic activity is "required" for a given level of vascular tone). Figure 5 shows the relationships in young and older men between resting MSNA and vascular responses to norepinephrine. As reported previously, vasoconstrictor responses in young men with higher MSNA were less than those with lower MSNA, suggesting that ␣-adrenergic responsiveness helps to balance the impact of varying levels of sympathetic nerve activity on blood pressure. Unexpectedly, there was no relationship between baseline MSNA in our present group of older men and the extent of vasoconstriction (expressed either as absolute change in FBF or as percentage of change). As noted above, it is possible that other endogenous vasoconstrictors that increase with age in men, eg, endothelin 1, 21 offset the balance between ␣-receptor sensitivity and the level of MSNA. In addition, age-related changes in NO bioavailability might further limit this relationship. 22, 31 
Limitations
Our study focuses on correlational analyses to investigate how older men maintain arterial pressure in the face of increased levels of MSNA. Therefore, the mechanisms that underlie the lack of balance between neural and hemodynamic variables in this group of older men are not established. Consequently, we can only postulate on the possible mechanisms that might be involved in this lack of relationship. Furthermore, the present data do not provide information about the roles of specific ␣-adrenergic receptor subtypes in the balance of arterial pressure and sympathetic activity.
Another limitation to the current study would appear to be the high levels of resting cardiac output observed in some of our older subjects. First, resting cardiac output measured using any technique is more variable than measurements made during exercise. 14 Second, the range of values that we report in both older and younger subjects is consistent with values obtained from classic invasive studies completed in similar age groups in the 1960s. 32 Finally, if we assume that several of the high cardiac output values obtained represent outliers, excluding these subjects from the analysis does not change our fundamental conclusions.
Although our goal in the present study was not to determine the cause of the increase in resting MSNA with aging, previous studies have indicated that waist circumference or abdominal adiposity appear to have important causative roles in age-related chronic sympathoexcitation. 33, 34 We did not evaluate the relationship between waist circumference or abdominal fat and MSNA in the present study, although this could provide important additional information regarding the relationships that we have reported.
With regard to the clinical interpretation for hypertension, our data show changes in the relationships that could affect either SBP (ie, cardiac output versus MSNA) or DBP (TPR versus MSNA). In older individuals, systolic hypertension appears to be the primary hypertensive phenotype. 35 Although our older men were not hypertensive, they did exhibit a slightly higher SBP compared with the young men. Systolic hypertension is most often related to vascular stiffness, 35 and, in the present study, SBP was not related to MSNA. Therefore, our data are limited in their ability to draw conclusions regarding systolic hypertension specifically.
Perspectives
Our major findings in the present study were that MSNA was significantly related to DBP in older men but was not related to cardiac output or TPR. In our view, the clinical relevance of our findings lies in the lack of a balance between neural and hemodynamic contributors to blood pressure in older men. We know that aging is associated with increased risk for hypertension, and our present findings suggest that neither cardiac output nor vasoconstrictor responsiveness relate to sympathetic neural activity in a way that helps to minimize its effect on blood pressure. In addition, we were struck by the apparent greater variability of a number of responses in the older men. Thus, the lack of balance noted above, in combination with the influences of aging on vascular stiffening, loss of NO bioavailability, and increased levels of nonadrenergic vasoconstrictors, eg, endothelin, likely contribute to the increased risk of hypertension with advancing age. Our findings also help to explain the complex relationship between sympathetic outflow and blood pressure in humans.
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